The lens influences retinal growth and differentiation during vertebrate eye development but the mechanisms are not understood. The role of the lens in retinal growth and development was studied in the teleost Astyanax mexicanus, which has eyed surface-dwelling (surface fish) and blind cave-dwelling (cavefish) forms. A lens and laminated retina initially develop in cavefish embryos, but the lens dies by apoptosis. The cavefish retina is subsequently disorganized, apoptotic cells appear, the photoreceptor layer degenerates, and retinal growth is arrested. We show here by PCNA, BrdU, and TUNEL labeling that cell proliferation continues in the adult cavefish retina but the newly born cells are removed by apoptosis. Surface fish to cavefish lens transplantation, which restores retinal growth and rod cell differentiation, abolished apoptosis in the retina but not in the RPE. Surface fish lens deletion did not cause apoptosis in the surface fish retina or affect RPE differentiation. Neither lens transplantation in cavefish nor lens deletion in surface fish affected retinal cell proliferation. We conclude that the lens acts in concert with another optic component, possibly the RPE, to promote retinal cell survival. Accordingly, deficiency in both optic structures may lead to eye degeneration in cavefish.
Introduction
The vertebrate lens has a role in eye growth and development in addition to transmitting and focusing light on the retina. The embryonic lens induces development of the anterior sector of the eye, including the cornea, iris, and ciliary body (Beebe and Coates, 2000; Gens-Galvez, 1966; Thut et al., 2001; Yamamoto and Jeffery, 2000) . Although not as extensively studied, the lens also influences the development of the retina. Removal of the lens vesicle from a chick embryo results in a contorted, although normally laminated, retina (Coulombre and Coulombre, 1964) . In teleosts and mice, lens ablation by targeted expression of toxic gene constructs (Breitman et al., 1987; Kaur et al., 1989; Kuritia et al., 2003; Landel et al., 1988) , genetics (Ashery-Padan et al., 2000; Vihtelic et al., 2005) , inhibition of pitx3 gene expression (Shi et al., 2005) , or microsurgery (Yamamoto and Jeffery, 2000) disrupts retinal lamination and inhibits photoreceptor differentiation. In most cases, these results were interpreted to mean that a signal from the lens to the retina is required for normal optic growth and development. However, little is known about how the lens controls retinal growth and development.
The teleost Astyanax mexicanus, which exhibits eyed surface-dwelling (surface fish) and blind cave-dwelling (cavefish) forms, has been used as a model organism to explore the role of the lens in retinal development (Jeffery, 2001) . A small optic primordium with a lens and an optic cup is formed during cavefish embryogenesis (Cahn, 1958) . In contrast to the surface fish lens, which has differentiated fiber cells and increases in size during eye development, the cavefish lens undergoes massive apoptosis (Alunni et al., 2007; Jeffery and Martasian, 1998; Yamamoto and Jeffery, 2000; Soares et al., 2004) . The expansion of sonic hedgehog (Shh) signaling along the embryonic midline and the activation of hsp90α expression (Hooven et al., 2004) have been implicated in cavefish lens apoptosis. As a consequence of lens dysfunction, the cornea, the iris, and other anterior eye structures fail to be induced in cavefish. As cavefish fry increase in size, the vestigial eye sinks into the orbit and is overgrown by epidermis and connective tissue. Transplantation of a surface fish lens into a cavefish fish optic cup during embryogenesis can reverse these degenerative events, indicating that the absence of lens is at least in part responsible for eye regression (Yamamoto and Jeffery, 2000) .
Significant changes also occur in the cavefish retina. Lamination initially appears in the cavefish embryonic retina and a photoreceptor layer is formed, but during subsequent development the retinal layers become disorganized, apoptotic cells appear, most of the photoreceptor cells disappear, and retinal growth is arrested (Alunni et al., 2007; Espinasa and Jeffery, 2006; Jeffery et al., 2000; Langecker et al., 1993; Yamamoto and Jeffery, 2000) . In contrast to the embryonic midline , Shh expression is not changed in the cavefish retina (Alunni et al., 2007) . Considerable improvement in retinal development can be obtained by transplanting a surface fish lens into the cavefish optic cup: retinal lamination is normalized, photoreceptor cells appear, and the retina continues to grow (Yamamoto and Jeffery, 2000) . Although it is currently unknown whether lens transplantation rescues retinal apoptosis, optic nerve fibers become more numerous and the contralateral optic tectum is enlarged in a cavefish eye containing a surface fish lens, implying an increase in retinal ganglion cells (Soares et al., 2004) . These results suggest that retinal growth and development in Astyanax are dependent on the presence of a functional lens.
The teleost retina continues to grow throughout life by the stretching of existing tissue and the addition of new cells (Fernald, 1991; Harris and Perron, 1998; Julian et al., 1998; Perron and Harris, 2000) . There are two areas of cell proliferation in the adult retina (Johns, 1977; Negishi et al., 1990) . The first area, comprised of stem cells located in the region where the retina meets the iris, is known as the ciliary marginal zone (CMZ). Stem cells proliferate in the CMZ and their progeny differentiate into various types of neural and glial cells. The cells generated in the CMZ also provide new cells to the retinal pigment epithelium (RPE), the melanized layer outside the retina with important roles in normal eye development and function (Raymond and Jackson, 1995; Rymer and Wildsoet, 2005) . The second region of cell proliferation is the inner nuclear layer, where stem cells are located that give rise to rod precursors, which intercalate into the outer nuclear layer (OL) and eventually become rod photoreceptors (Kwan et al., 1996; Otteson et al., 2001) . It was shown previously that cell proliferation continues at the same (or at a slightly greater) rate in the embryonic and larval cavefish retina (Alunni et al., 2007; Strickler et al., 2002) , but nothing is known about cell multiplication in the adult retina.
Blind cavefish provide a unique opportunity to determine the role of the lens in retinal development because of (1) lens dysfunction during early optic development and (2) the ability to rescue abnormal retinal development by transplanting an embryonic surface fish lens into the cavefish optic cup. There are several possibilities that would explain the absence of net retinal growth and differentiation in the degenerating cavefish eye. First, retinal cell proliferation may require the presence of a functional lens. Second, unscheduled retinal cell death may be triggered in the absence of lens function. Finally, because the first and second possibilities are not mutually exclusive, effects on cell proliferation and cell death together could account for arrested retinal growth and development in cavefish.
Here, we show that normal cell proliferation followed by apoptosis and removal of the newly born cells occur in the cavefish retina, suggesting that the lens does not affect cell proliferation, but instead protects the retina from apoptosis. The results provide new insights into the role of the lens during teleost retinal growth and development and the mechanism of eye degeneration in the blind cavefish.
Materials and methods

Biological materials
Surface fish and cavefish laboratory stocks were originally collected at Balmorhea State Park, TX, USA, and Cueva de El Pachón, Tamaulipas, Mexico, respectively. Fish were kept in the laboratory at 25°C on a 14-h light and 10-h dark photoperiod (Jeffery and Martasian, 1998; Jeffery et al., 2000) . Embryos were obtained by natural spawning and raised at 25°C.
PCNA staining
For detection of cell proliferation by proliferating nuclear antigen (PCNA), specimens were fixed overnight in 4% paraformaldehyde in PBS, dehydrated through increasing concentrations of ethanol, embedded in Paraplast (Polysciences Inc., Warrington, PA, USA), and serially sectioned at 8 μm. Sections were stained with a polyclonal antibody to PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) according to the procedure of Yamamoto and Jeffery (2000) . Staining was visualized using DAB substrate. The sections were counterstained with Harris hematoxylin and viewed by light microscopy.
TUNEL analysis
For detection of apoptosis by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP biotin nick end labeling (TUNEL) method, embryos, larvae, adults, lens-deleted adult surface fish, and lens-transplanted adult cavefish were fixed, dehydrated, embedded, and sectioned as described above. Apoptosis was detected following the protocol provided with the In Situ Cell Death Detection Kit (Roche Applied Science, Indianapolis, IN, USA), using DAB substrate to visualize the TUNEL-labeled cells. The sections were viewed by light microscopy.
BrdU pulse-chase labeling
For detection of cell proliferation by bromodeoxyuridine (BrdU) labeling, surface fish, cavefish, lens-deleted surface fish, and lens-transplanted cavefish were subjected to three different, 50-day BrdU labeling protocols beginning at 3 months postfertilization (mpf). Regime 1 was a pulse label in which fish raised in water lacking BrdU for 40 days were exposed to 1 g/l BrdU for the next 10 days, and then fixed for analysis on day 50. Regime 2 was a pulse-short chase label in which fish raised in water lacking BrdU for 20 days were exposed to 1 g/ l BrdU for 10 days, chased in water lacking BrdU for the next 20 days, and then fixed at day 50. Regime 3 was a pulse-long chase label in which fish were exposed to 1 g/l BrdU for 10 days, chased in water lacking BrdU for 40 days, and then fixed at day 50. To maintain an approximately equal growth rate, fish were raised individually in vessels of the same size during the 50-day BrdU labeling period. The BrdU labeling regimes are illustrated diagrammatically on the far left of Figs. 3 and 5.
After each BrdU pulse or pulse-chase labeling regime, the specimens were fixed and embedded as described above, and 10-μm serial sections were made through the optic areas. BrdU incorporation was detected using a fluoresceinlinked antibody to BrdU (Roche Applied Science, Indianapolis, IN, USA) as follows. The sections were incubated twice for 5 min in PBSAT (PBS with 0.5% BSA and 0.1% Tween 20), treated with trypsin solution (0.05% trypsin and 0.05% CaCl 2 in PBS) for 3 min, treated with trypsin inhibitor (Roche Applied Science, Indianapolis, IN, USA) for 15 min, washed twice in PBSAT for 5 min, and treated with 4 M HCl for 15 min. This was followed by three washes in PBSAT, pH 6.5. The preceding treatments were done at room temperature. The sections were then immersed in BrdU antibody (50 μg/ml in PBSAT) for 1 h at 37°C in a humid chamber. After BrdU antibody incubation, the sections were washed three times for 5 min in PBSAT at room temperature. Finally, the specimens were viewed by fluorescence microscopy.
Retinal measurements
The total retinal area, areas of PCNA-stained cells in the CMZ, and areas of BrdU-labeled cells in the CMZ were measured in μm 2 on central cross sections using the measurement features of Zeiss Axiocam and AxioVision Software (version 4.5.0.0; Carl Zeiss Microimaging, Inc., Thornwood, NY, USA). The two CMZ values were combined to give the total PCNA or BrdU-stained areas for an eye section in each individual. BrdU-labeled nuclei and PCNA-stained cells were counted in individual CMZs by focusing on the labeled or deeply stained cell bodies. Statistical analysis of the results was conducted using Student's paired t-test.
BrdU and TUNEL double labeling
Animals were incubated in BrdU from 8 to 10 days postfertilization (dpf) as described above. At the end of the BrdU pulse, some animals were fixed, while others were incubated in water lacking BrdU. The latter were allowed to develop to 12 dpf and fixed at the end of the chase. Specimens that were subjected to the BrdU pulse or pulse-chase were subsequently assayed by TUNEL. The specimens were sectioned and TUNEL positive cells were detected using the In Situ Cell Death Detection Kit with DAB substrate. BrdU incorporation was visualized in the same sections with BrdU antibody. The double-labeled sections were viewed by light and fluorescence microscopy.
Lens transplantation and deletion
Lens transplantation or lens deletion was performed in 30-36 h postfertilization (hpf) cavefish or surface fish embryos, respectively, as described by Yamamoto and Jeffery (2002) . In these operations, the lens was transplanted or deleted on only one side of the head, and the eye on the other side of the head served as an internal control. After the operations, cavefish and surface fish were raised to the adult stage and analyzed as described above.
Results
Cell proliferation in the adult retina
To determine whether cell proliferation has a role in arrested retinal growth, sections of adult surface fish and cavefish eyes were stained with PCNA antibody (Figs. 1A-D) or viewed after pulse labeling with BrdU (see Figs. 3A, B). Retinal growth continues in the adult teleost eye (Fernald, 1991; Johns, 1977) . Therefore, as expected, PCNA staining (Figs. 1A, C) and BrdU labeling (see Fig. 3A ) were observed in the CMZ and the outer nuclear layer (OL) in adult surface fish. Although the cavefish retina did not undergo net growth, as determined by comparison to younger animals, PCNA staining (Figs. 1B, D) and BrdU incorporation (see Fig. 3B ) were also detected in the CMZ. In addition, PCNA-stained or BrdU-labeled cells were present in the laminated part of the cavefish retina outside the CMZ (Figs. 1B, D; see Fig. 3B ). The latter cells are likely to be rod progenitor cells in the disrupted cavefish inner nuclear layer and/or OL (Espinasa and Jeffery, 2006) , as demonstrated by reactivity with rhodopsin antibody (Yamamoto and Jeffery, 2000) . The results show that cell proliferation, which is known to occur in the CMZ of cavefish embryonic and larval eyes (Alunni et al., 2007) , persists in the non-growing retina of vestigial adult eyes.
Cell proliferation in the CMZ was quantified by measuring PCNA staining and BrdU labeling areas and the number of PCNA-stained and BrdU-labeled cells in cross sections along the central plane of the eye. As shown in Fig. 1E , the total area of the surface fish retina is about five times larger than that of the cavefish retina (p = 0.001; N = 10). In contrast, PCNA staining ( Fig. 1F ) or BrdU labeling (Fig. 1G ) in the cavefish CMZ, represented either by mean area or cell number, was not statistically different from that observed in the surface fish CMZ (PCNA area and cell number: p = 0.532; N = 10 and p = 0.974; N = 20, respectively; BrdU area and cell number: p = 0.329 and p = 0.074, respectively; N = 6). The results indicate that the adult cavefish CMZ is as active in cell proliferation as its surface fish counterpart. We conclude that inhibition of cell proliferation is not the cause of growth arrest in the adult cavefish retina.
Cell death in the retina
The persistence of cell proliferation in the adult cavefish CMZ focused our attention on programmed cell death (PCD) as an alternative mechanism to explain arrested retinal growth. PCD has been previously studied in the cavefish lens, which undergoes extensive apoptosis during development (Jeffery and Martasian, 1998; Soares et al., 2004; Yamamoto and Jeffery, 2000) . Although retinal PCD has been reported in cavefish larvae (Alunni et al., 2007; Langecker et al., 1993) , it is unknown whether apoptosis continues in the adult retina.
To investigate PCD in the cavefish retina, TUNEL analysis was conducted on sections of larval and adult surface fish and cavefish eyes (Fig. 2 ). Beginning at 3 dpf, patches of TUNELlabeled cells appeared in the layered regions of the cavefish retina outside the CMZ (Fig. 2B) . Subsequently, PCD was observed in both the central laminated retina and adjacent to the CMZ in cavefish (Figs. 2D, F) . Apoptotic cells were observed in the cavefish retina throughout larval development and in adults at 1, 2, and 3 months post-fertilization (mpf) (Figs. 2H, J, L), although after 5 dpf they were reduced to single cells or small clusters. Based on the BrdU pulse-chase labeling results described below (see Figs 3B, D, F) , we attribute the lower levels of TUNEL-labeled cells in adults to the disintegration and/or removal of cell corpses from the cavefish retina. At 5 (Fig. 2D) and 10 (Fig. 2F ) dpf, PCD was also observed in the cavefish OL and RPE, although its extent varied among different animals. TUNEL-labeled cells were not detected in the surface fish retina (Figs. 2A, C , E, G, I, K), consistent with previous studies showing that cell death is rare or absent in the teleost retina (Cole and Ross, 2001; Daly and Sandell, 2000; Fernald, 1991) . The results show that PCD occurs in the cavefish but not in the surface fish larval and adult retina.
Fate of proliferating retinal cells
BrdU pulse-chase labeling studies were conducted to determine the fate of proliferating cells in the adult retina (Fig. 3) . Adult surface fish and cavefish were subjected to BrdU labeling in three different regimes during a 50-day period (see Fig. 3 far left) . In adult surface fish, the BrdU pulse (Regime 1) detected cells in the CMZ and the OL (Fig. 3A) . During the short (Regime 2) and the long (Regime 3) chases, the BrdUlabeled cells were displaced from the CMZ into the retinal layers, and labeling continued to be seen in the OL (Figs. 3C,  E) . The labeling pattern observed during the BrdU pulse-chase is consistent with that previously reported in the retina of other cold-blooded vertebrates (Harris and Perron, 1998; Perron and Harris, 2000) .
In adult cavefish, the BrdU pulse (Regime 1) also labeled cells in the CMZ and the OL (Fig. 3B) . As in the PCNA staining studies (Figs. 1A-D, F) , the number of labeled cells was similar in the cavefish and surface fish CMZ (Figs. 1G, 3A, B) . In contrast to surface fish (Figs. 3C, E) , however, only a few BrdUlabeled cells were detected in the cavefish retina after the BrdU pulse-short chase (Regime 3; Fig. 3D ) and none were seen after the BrdU pulse-long chase (Regime 2; Fig. 3F ). After the chases, BrdU-labeled cells were absent from the laminated retina, where they would have been expected after displacement from the active CMZ, and the OL in cavefish. The results suggest that proliferating cells in the cavefish CMZ and OL do not contribute to the adult retina. The disappearance of BrdU-labeled cells from the cavefish retina during pulse-chase experiments could be explained by PCD of recently divided cells. To test this possibility, we conducted BrdU and TUNEL double labeling studies (Fig. 4) . In these studies, surface fish and cavefish were subjected to either a 2-day BrdU pulse or a 3-day BrdU pulse followed by a 2-day chase. The animals subjected to the BrdU pulse or BrdU pulse-chase were fixed and apoptotic cells were detected by TUNEL. Surface fish subjected to the BrdU pulse showed BrdU-labeled but no TUNEL-labeled cells in the CMZ and laminated portion of the retina (Figs. 4A-C) . Similarly, cavefish subjected to the BrdU pulse showed labeled cells in the CMZ (Figs. 4D-F) . In contrast to surface fish, TUNEL-labeled cells were seen in the laminated cavefish retina adjacent to the CMZ (Fig 4D) , but the dying cells did not overlap with BrdU-labeled cells (Fig. 4F) .
Surface fish subjected to the BrdU pulse-chase showed displacement of the BrdU labeling area from the CMZ and no apoptotic cells (Figs. 4G-I) . Cavefish subjected to the BrdU pulse-chase exhibited disorganized areas of BrdU-labeled cells in the laminated part of the retina adjacent to the CMZ (Fig.  4K) . In contrast to the BrdU pulse labeling results, some of the TUNEL-labeled cells overlapped with BrdU labeling areas (Fig.  4L) . The results suggest that proliferating cells die as they are displaced from the CMZ into the adjacent laminated part of the cavefish retina.
In summary, the PCNA (Fig. 1) , TUNEL (Fig. 2) , BrdU (Fig. 3) , and BrdU-TUNEL double labeling (Fig. 4) results strongly suggest that growth arrest in the adult cavefish retina is caused by PCD, rather than inhibition of cell proliferation.
Role of the lens in cavefish retinal apoptosis
Retinal growth and development are restored after a surface fish lens vesicle is transplanted into a cavefish optic cup (Yamamoto and Jeffery, 2000; Figs. 5A, B) . The effect of a normal lens on retinal cell proliferation and PCD in cavefish was determined as follows. An embryonic surface fish lens was transplanted unilaterally into the optic cup of a cavefish embryo. After reaching adulthood, the cavefish host was subjected to one of the three BrdU labeling regimes described above. The results are shown in Figs. 5C-H.
After the BrdU pulse (Regime 1), labeled cells were seen in the CMZ and the OL in the control and the restored eye of the same cavefish (Figs. 5C, D) . About the same number of BrdU labeled cells was observed in both eyes. As described above (Figs. 3D, F) , after the BrdU pulse-short chase (Regime 2) or the BrdU pulse-long chase (Regime 3), the control eyes of cavefish hosts rarely showed labeled cells in the retinal layers (Figs. 5E, G) . In contrast, the restored eyes of cavefish hosts resembled normal surface fish eyes exposed to the BrdU chases: the labeled cells persisted during the chases and were displaced into the laminated retinal layers (Figs. 5F, H) . In addition, BrdU-labeled cells were detected in the OL of the restored eye during the chases. To substantiate these results, PCD was assessed by TUNEL analysis in larval and adult cavefish containing a transplanted surface fish lens (Figs. 6A-J). As described in Figs. 2B, D, F, apoptotic cells were observed in the retina and RPE in the control eye of cavefish hosts at 2, 3, and 5 dpf (Figs. 6A, C, E) . In contrast, the eye containing a transplanted lens showed reduced PCD in the retina beginning as early as 2 dpf, only about 12-18 h after lens transplantation (Figs. 6B, D, F) . However, PCD was still observed in the RPE at these stages (Figs. 6D, F) . The results also showed apoptotic cells in the retina of the control eye but not in the retina of the eye containing a transplanted lens in 1 and 3 mpf adults (Figs. 6G-J) . We conclude that the surface fish lens can rescue PCD in the cavefish retina but not in the RPE.
Role of the lens in surface fish retinal apoptosis
The size of the retina is not markedly affected when the lens vesicle is deleted from the optic cup of a surface fish embryo, although, as in cavefish, the eye sinks into the orbit during subsequent development (Yamamoto and Jeffery, 2000; Figs. 5I, J) . In addition, perhaps as a consequence of the absence of the lens, the pigment epithelium extends into the anterior space and entirely surrounds the retina (see Figs. 6N , P, R, T). To determine whether the absence of a lens causes retinal PCD, we subjected lens-deleted surface fish to each of the three BrdU labeling regimes described above. The results are shown in Figs. 5K-P. In sections of the surface fish retina, BrdU-labeled cells were initially present in the CMZ during the pulse (A) and then displaced into the retinal layers during the chases (C, E). In sections of the cavefish retina, BrdU-labeled cells were also initially observed in the CMZ (B, arrowheads) but were substantially reduced in number (D) or were undetectable (F) in the retinal layers during the chases. Arrowheads: CMZ and BrdU-labeled cells after the pulse. Unlabeled arrows: BrdU-labeled cells after the chases. RE: retina. OL: outer nuclear layer. The identity of retinal structures was determined by examination of the corresponding bright-field images. Scale bar in panel A is 200 μm; magnification is the same in panels A-F. After the BrdU pulse (Regime 1), labeled cells were seen in the CMZ and the OL of surface fish eyes in both the presence and the absence of the lens (Figs. 5K, L) . Moreover, both eyes showed similar numbers of BrdU-labeled cells in the CMZ. In striking contrast to the lens transplantation results described above, after the pulse-short chase (Regime 2) or the pulse-long chase (Regime 3), BrdU-labeled cells persisted in the retinal layers of surface fish eyes with or without the lens (Figs. 5M-P) .
We employed TUNEL analysis to assess PCD in the retina of lens-deleted surface fish. Apoptosis could not be detected in the CMZ and initial BrdU labeled areas after the pulse. Unlabeled arrows: BrdU-labeled cells in the retina after the chases. RE: retina. OL: outer nuclear layer. The identity of retinal structures was determined by examination of the corresponding bright-field images. Scale bar in panel A is 5 nm; magnification is the same in panels A, B, I, J. Scale bars in panels C and E are 200 μm; magnification is the same in panels C, E-H. Scale bar in panel K is 100 μm; magnification is the same in panels K-P. normal or lens-deficient eyes either in surface fish larvae at 2, 3, or 5 dpf (Figs. 6K-P) or adults at 1 and 3 mpf (Figs. 6Q-T) , although apoptotic cells were seen outside the eye (data not shown). Furthermore, melanin pigment was deposited in the RPE in both control eyes and eyes lacking a lens (Figs. 6K-T) , showing that lens removal does not affect RPE differentiation. The results indicate that lens deletion does not induce PCD in the surface fish retina.
Discussion
The results indicate that the lens is necessary for cell survival in the cavefish retina. In the absence of a functional lens, the adult cavefish retina undergoes cell proliferation followed by apoptosis and removal of newly born cells, resulting in the arrest of net retinal growth. Transplantation of a normal lens into the cavefish optic cup during embryogenesis (A, B) , 3 (C, D), and 5 (E, F) dpf, and 1 (G, H) and 3 (I, J) mpf cavefish. TUNELlabeled cells (arrows) were present in the retina on the control sides (A, C, E, G, I), but not on the sides with the restored eye (B, D, F, H, J). TUNEL-labeled cells (arrows) were present in the RPE of both sides but gradually decreased in the retina on the transplant side. (K-T) Sections through the optic areas on the control (middle right column) and lens deleted sides (far right column) of the same 2 (K, L), 3 (M, N), and 5 (O, P) dpf and 1 (Q, R) and 3 (S, T) mpf surface fish. TUNEL-labeled cells were absent in the retinas of both the control and lens deleted eyes (K-T). The RPE is pigmented on both sides and expands to encircle the eye after lens deletion (far right row). Arrowheads: CMZ. Arrows (A-J): TUNEL-labeled cells. RE: retina. RPE: retinal pigment epithelium LE: lens. TLE: transplanted lens. Scale bar in panel A: 200 μm: magnification is the same in panels A-F and K-P. Scale bar in panel G: 75 μm: magnification is the same in panels G-J. Scale bar in panel R: 50 μm; magnification is the same in panels Q-T.
protects the retina from apoptosis, allowing retinal growth and photoreceptor differentiation to proceed. However, lens deletion does not cause apoptosis in the surface fish retina. This suggests that the normal lens functions either in concert or redundantly with another optic component to maintain retinal growth and development. These results provide new insights into the role of the lens in retinal growth and development and the mechanisms of eye degeneration in blind cavefish.
Cell proliferation and death in the cavefish retina
There are two sites of stem cell proliferation in the growing teleost retina, the CMZ and the inner nuclear layer. Cell division in the CMZ stocks the RPE and all types of retinal cells except the rod photoreceptors (Johns, 1977; Negishi et al., 1990 ). The population of rod cell precursors is replenished by stem cell proliferation in the inner nuclear layer and subsequent translocation to the OL (Otteson et al., 2001; Raymond and Rivlin, 1987) . Previous studies showed that cell proliferation continues in the cavefish retina (Alunni et al., 2007; Strickler et al., 2002) , but these studies focused on early stages of development when the lens, albeit with most cells undergoing apoptosis (Jeffery and Martasian, 1998; Soares et al., 2004; Yamamoto and Jeffery, 2000) , is still a prominent feature of the eye. In adult cavefish, the lens is absent or vestigial (Soares et al., 2004) .
Our results argue against the possibility that the lens affects retinal growth by controlling cell proliferation. First, PCNA staining and BrdU pulse labeling experiments showed that the number of proliferating cells is not significantly different in the adult surface fish and cavefish CMZ. Second, since proliferating cells detected outside the cavefish CMZ are likely to be rod precursors, we also conclude that the lens does not affect proliferation of the stem cell population responsible for rod cell differentiation. Finally, retinal cell proliferation was not affected by lens transplantation or lens deletion. Thus, as in embryos and larvae, the retina continues to undergo cell proliferation at a normal rate in the vestigial adult cavefish eye.
Because cell proliferation is unchanged in the cavefish retina, we evaluated PCD as a possible cause of arrested retinal growth. Although documented as a normal process in retinal development in most vertebrates (Vecino et al., 2004) , apoptosis occurs at low levels (Biehlmaier et al., 2001; Cole and Ross, 2001) or not at all (Daly and Sandell, 2000; Fernald, 1991) in the adult teleost retina. The absence of detectable PCD in the adult surface fish retina was confirmed by TUNEL analysis. In contrast, PCD was seen in the cavefish retinal layers throughout larval development and in adults, suggesting that PCD is the cause of retinal growth arrest in cavefish.
While PCNA staining detects cells proliferating at a specific moment, BrdU labeling tracks the progeny of these cells over time. We therefore used BrdU pulse-chase labeling to determine the fate of proliferating cells in the adult retina. In contrast to surface fish, BrdU-labeled cells disappeared from the cavefish retina during the BrdU chases, suggesting that their fate is death and disintegration and/or removal rather than differentiation and contribution to the growing retina. Double labeling experiments with BrdU and TUNEL confirmed the death of newly divided retinal cells and localized the apoptotic zone to a region of the laminated retina adjacent to the CMZ. From these results, we conclude that cell death cancels the gains made by cell proliferation in the cavefish retina. Our findings also imply that the adult cavefish retina is composed primarily of embryonic cells and is therefore homologous to the small central area of the adult surface fish retina derived from the optic cup.
Continuous cell proliferation followed by PCD in the adult cavefish retina might seem to conflict with the idea that eyes are lost as an adaptive strategy to conserve energy in the resource poor cave environment (Jeffery, 2005; Protas et al., 2007) . However, it may be difficult to regulate cell proliferation in the retina independently from stem cell division in the growing cavefish brain, from which the retina is derived. Because of this developmental constraint, it may be more efficient to conserve energy by killing newly born retinal cells than by elaborating novel mechanisms to uncouple cell proliferation in the cavefish retina and brain.
The role of the lens in retinal cell survival
After lens transplantation, the cavefish retina increases in size, maintains its normal lamellar organization, and rod cells differentiate in the photoreceptor layer (Yamamoto and Jeffery, 2000) . The results of the present investigation demonstrate that the transplanted lens protects the cavefish retina from apoptosis. The following evidence supports this conclusion. First, BrdU pulse-chase labeling of cavefish eyes with a transplanted lens showed that new retinal cells generated in the CMZ and inner nuclear layer persist and become part of the retina, instead of undergoing PCD. Second, direct evidence from TUNEL labeling shows that apoptosis is inhibited in the retina of a cavefish eye containing a transplanted lens. In both cases, protection from PCD was restricted to the eye containing the transplanted lens; the control eye without a lens underwent apoptosis, as occurs normally in the cavefish eye. Together, these results imply that the surface fish lens improves eye development in cavefish by promoting the survival of proliferating retinal cells and permitting them to subsequently differentiate into their normal fates.
While the lens is known to be responsible for development of anterior eye structures (Beebe and Coates, 2000; Thut et al., 2001; Yamamoto and Jeffery, 2000) , most likely through a signaling mechanism, the effects of the lens on the retina have been less clear. Our studies support the possibility of a signal from the lens to the retina that is permissive rather than instructive in nature. The identity of the lens factor(s) that influences the retina is currently unknown. However, there is evidence that lens epithelium derived growth factor (LEDGF), which was originally isolated from a human lens epithelial cell line , has a protective effect on mouse and chicken retinal cells (Ahuja et al., 2001; Nakamura et al., 2000) . Although LEDGF has not been identified in teleosts, it is an excellent candidate for the lens protective signal and should be a focus of future studies to determine the molecular basis of lens signaling to the retina.
The lens deletion experiments provide further understanding of the role of the lens in surface fish retinal growth and development. After lens deletion, PCD was undetectable either indirectly in BrdU pulse-chase studies or directly by TUNEL labeling, suggesting that the absence of a lens is insufficient to cause PCD in the surface fish retina. These results conflict with recent studies in which retinal apoptosis was induced during zebrafish embryogenesis by killing the lens with a targeted diphtheria toxin transgene (Kuritia et al., 2003) or by morpholino-mediated downregulation of the pitx3 gene (Shi et al., 2005) . To explain these conflicting results, we would have to assume either that the molecular methods of lens ablation are nonspecific and also affect the retina or that there is a major difference in the extent of lens control of retinal apoptosis in zebrafish and Astyanax. We interpret the results of our lens deletion experiments in Astyanax as follows: for normal development, the retina must receive signals from both the lens and another optic element that is not affected by lens deletion. Both retina-protecting elements must be absent in cavefish, whereas only one, the lens, is absent in surface fish after lens deletion.
The best candidate for an additional optic component affecting retinal growth and survival is the RPE, which is required for both the morphogenesis and the lamination of the retina (Raymond and Jackson, 1995; Rymer and Wildsoet, 2005) . Supporting this idea, some zebrafish mutants defective in RPE development show effects on the retina (Jensen et al., 2001; Wei and Malicki, 2002) , although none have been directly linked to PCD. The cavefish RPE lacks differentiated pigment cells, and our data indicate that it undergoes PCD during larval development, which is not rescued by a transplanted surface fish lens. Moreover, due to subsequent apoptosis of the new cells produced in the CMZ, replenishment of a defective RPE seems unlikely in adult cavefish. Finally, differentiation of the RPE does not depend on the lens: based on melanin deposition, RPE differentiation was normal after removal of the lens from surface fish. Therefore, we propose that an abnormal RPE may be partly responsible for retina degeneration in cavefish.
Although the simplest interpretation of the data is that the lens and the RPE are both required for normal optic development in surface fish, it is possible that the RPE has a secondary or redundant role in protecting the retina from PCD, which is only activated in the absence of the lens. This alternative possibility is supported by the overgrowth of the pigmented epithelium into the anterior sector of the eye after lens removal, where it is properly located to mimic the protective function of the lens. Ablation studies will be necessary to decide between the alternative possibilities for RPE function during Astyanax eye development.
The dual signal model for retinal growth and development
As a working hypothesis, we propose that the retina must receive signals from both the lens and another optic component, most likely the RPE, to avoid apoptosis and sustain normal growth. We term this the dual signal (DS) model (Fig. 7) . The DS model posits two signaling centers, one emanating from the lens and the other presumably from the RPE, which together coordinate optic growth and development of the eye. According to the DS model, normal ocular development is dependent on one or both of these signals. For example, the lens signal (signal a in Fig. 7A ) directs development of the anterior eye sector, including the cornea, whereas, as proposed here, the lens and RPE (signal b in Fig. 7A ) signals cooperate to sustain retinal growth. In addition, the RPE signal may be necessary for retinal differentiation. If at least one of these signals is present and functional, then the retinal cells are protected against PCD.
The DS model can explain the coordination of normal eye growth and development as well as eye degeneration. The surface fish eye contains both a functional lens and RPE. Therefore, when the lens is removed from the surface fish eye, the retina develops relatively well, but the eye lacks anterior components, such as the cornea, which are normally induced by the lens (Fig. 6C) . Additionally, PCD does not occur in the surface fish retina after lens removal because of the additive or redundant function of the RPE. In the vestigial cavefish eye, the lens and presumably the RPE are missing or dysfunctional (Fig. 6B ), but after lens transplantation anterior eye structures are induced and the retina grows because PCD is inhibited (Fig. 6D) . Our results interpreted in light of the DS model call for future experiments addressing the role of the RPE during cavefish eye degeneration. 
